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1 Present address: Department of Pharmaceutic
California-San Francisco, 600 16th Street, Genentech H
2280, United States.Hell’s Gate globin I (HGbI), a heme-containing protein structurally homologous to mammalian neu-
roglobins, has been identiﬁed from an acidophilic and thermophilic obligate methanotroph, Meth-
ylacidiphilum infernorum. HGbI has very high afﬁnity for O2 and shows barely detectable
autoxidation in the pH range of 5.2–8.6 and temperature range of 25–50 C. Examination of the
heme pocket by X-ray crystallography and molecular dynamics showed that conformational move-
ments of Tyr29(B10) and Gln50(E7), as well as structural ﬂexibility of the GH loop and H-helix, may
play a role in modulating its ligand binding behavior. Bacterial HGbI’s unique resistance to the sort
of extreme acidity that would extract heme from any other hemoglobin makes it an ideal candidate
for comparative structure–function studies of the expanding globin superfamily.
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al Chemistry, University of
all, San Francisco, CA 94143-Hell’s Gate (Tikitere), a region of fuming geothermal vents and
caustic soil in New Zealand, is home to Methylacidiphilum inferno-
rum, an obligately aerobic methanotroph that grows optimally at
60 C and pH 2.0 [1]. From the genome of M. infernorum [2], we
identiﬁed ﬁve different globins including Hell’s Gate globin I
(HGbI), a single-domain protein with 133 residues.
Until the 1970s, the globin family only included the vertebrate
hemoglobins, myoglobins, and symbiotic hemoglobins of legumi-
nous plants. Since then, the globins have grown into a superfamily
that includes the non-symbiotic plant hemoglobins [3], fungal and
bacterial ﬂavohemoglobins [4,5], invertebrate globins [6], and
truncated hemoglobins [7]. Recent additions are the mammalian
neuroglobin (Ngb) [8] and cytoglobin (Cgb) [9], and prokaryotic glo-
bin-coupled sensors [10], protoglobins [11], and thermoglobin [12].lsevier B.V. All rights reserved.
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challenge to our classical understanding of hemoglobins and myo-
globins, which are expected to be highly unstable at the low pH and
high temperature that this microorganism optimally grows at.
Globins are typically composed of eight a-helices, labeled A–H,
that fold into a three-over-three a-helical sandwich structure [13].
Exceptions include the truncated hemoglobinswhich consist of four
a-helices in a two-over-two arrangement [14]. The distinguishing
properties of globins, such as their widely varied ligand binding
afﬁnities, are due to the sequestration of a heme prosthetic group
by speciﬁc residues. In addition to the four nitrogen atoms of proto-
porphyrin IX, the heme iron can coordinate axiallywith twoother li-
gands. One of these is the sixth coordination position of the heme,
which is thebinding site for ligands suchasO2, CO, andNO. In certain
globins, this sixth coordination site may be occupied by a protein
side chain when it is not occupied by exogenous ligands [15]. The
other axial ligand is usually a proximal His that extends from the
F-helix to coordinate to the heme iron. In heme proteins the Fe–
Hisbond is quite stable at neutral pHbecause thepKa of theproximal
His is shifted drastically downward, to about 4.7, from the usually
neutral pKa of imidazole side chains. Consequently, a drop in pH be-
low 4.7 usually breaks the Fe–His bond. Indeed this is an effective
way to extract heme from hemoglobins so as to convert them to
the non-functional apoproteins. Clearly, ordinary heme proteins
would be quite useless to an organism living in the acidic mud vol-
canoes of Tikitere. Herewe report the identiﬁcation, cloning, expres-
sion, puriﬁcation, biophysical characterization, structural analysis,
andmolecular dynamics of the unusually acid-tolerant and thermo-
stable HGbI fromM. infernorum.2. Materials and methods
2.1. Cloning, expression, and puriﬁcation
The gene encoding HGbI from M. infernorum was ampliﬁed by
PCR using primers containing NdeI and BamHI restriction sites.
Alternatively, the HGbI gene was also engineered with a His-tag se-
quence immediately before the stop codon. Both PCR products
were cloned into the pET-3a expression vector (Novagen), and
the resulting vectors were transformed into Escherichia coli Rosetta
2(DE3)pLysS (Novagen). The cells were grown in LB medium con-
taining 100 lg/ml ampicillin and 34 lg/ml chloramphenicol, and
expression was induced with 50 lM isopropyl-b-D-thiogalactopy-
ranoside. The medium was further supplemented with 100 mg/l
FeSO47H2O and 17 mg/l d-aminolevulinic acid at the time of pro-
tein induction. After incubation for 16 h at 30 C, the cells were
harvested by centrifugation and resuspended in buffer I (50 mM
Na2HPO4, 200 mM NaCl, pH 7.2) containing 1 mM phenylmethyl-
sulfonyl ﬂuoride, sonicated, and centrifuged to remove cell debris.
His-tagged HGbI was applied to a POROS MC/20 column (Ap-
plied Biosystem) charged with Co2+, and eluted with a linear gradi-
ent (up to 250 mM) of imidazole in buffer I. Fractions containing
HGbI were dialyzed at 4 C against buffer I, then further puriﬁed
on a HiLoad 16/60 Superdex 200 gel ﬁltration column (GE Health-
care). Untagged HGbI was ﬁrst precipitated with 50–60%
(NH4)2SO4 and resuspended in buffer I before being applied to
the HiLoad 16/60 Superdex 200 column. For greater homogeneity,
the last puriﬁcation step was repeated 3–4 times. The protein used
in the experiments was of sufﬁcient quality to crystallize and yield
crystal structures of high resolution.
2.2. Ligand binding and oxidation
Unless otherwise noted, all determinations of UV–Vis absorp-
tion and ligand binding were carried out with 2–5 lM protein in0.10 M sodium phosphate, pH 7.5 at 25 C. Absorption spectra
were monitored with a Cary 4000 UV–Vis spectrophotometer (Var-
ian). Measurements of the effect of pH on the deoxy state were
done by recording the absorption spectra at 25 C in 0.20 M sodium
phosphate at pH 5.2, 7.0, and 8.6. Autoxidation measurements
were performed by periodically recording the spectra in air for
the samples in buffers without any reducing agent; these spectra
were deconvoluted into the met and oxy components to determine
the extent of oxidation at each time point. The effect of pH on the
met state was measured by recording the absorption spectra at
25 C for protein in 0.20 M sodium phosphate at the pH values
noted above, or in 0.20 M potassium glutamate at pH 4.6, 7.0,
and 9.0. Comparison of the behavior in glutamate versus acetate
was done for the ferric protein at 25 C in 0.20 M potassium gluta-
mate at pH 4.6 and 0.20 M potassium acetate at pH 4.6.
Laser-ﬂash photolysis and stopped-ﬂow measurements were
conducted with an LKS.60 laser kinetic spectrometer equipped
with a PiStar stopped-ﬂow drive unit (Applied Photophysics). For
sample excitation, the LKS.60 spectrometer was coupled to a Quan-
tel Brilliant B Nd:YAG laser with second-harmonic generation. Li-
gand-binding kinetics was followed at the wavelength of the
maximum difference between the starting and ﬁnal species. Each
rate constant was calculated from a linear plot of kobs versus ligand
concentration, including at least four ligand concentrations.
Association rates for O2 (80–1280 lM) were measured by laser-
ﬂash photolysis at two ranges of wavelengths (412–417 and 433–
435 nm), while those for CO (30–960 lM) were measured at
419 nm. The O2 dissociation rate constant was measured by the
stopped-ﬂow method at both 412 and 433–435 nm by mixing
the oxy-protein (in 50–256 lM free O2) with a solution of
2.0 mM sodium dithionite. The CO dissociation rate constant was
measured by ligand replacement in the stopped-ﬂow method at
419 nm by mixing the CO-protein in 10–30 lM free CO with a
200 lM solution of NO. The O2 afﬁnity was measured by directly
titrating the protein with O2 (10–1150 lM) in a background of
CO (10 lM) at either 25 or 50 C. Titration data were analyzed by
deconvoluting the whole spectra and then ﬁtting the data to a qua-
dratic equation for single binding.
2.3. Crystallization and structure determination
The buffer of puriﬁed HGbI was exchanged with 50 mM Tris–
HCl, 150 mM NaCl, pH 8.0, before crystallization. The acetate-
bound HGbI (act-HGbI) crystals of both native and His-tagged
forms were grown by vapor diffusion in drops containing 1.6–
2.0 M (NH4)2SO4, 0.1 M sodium acetate, pH 4.6, and 10–28 mg pro-
tein/ml at 4 C. The crystals were cryoprotected with 30% glycerol
and ﬂash-cooled at 100 K prior to data collection. The oxygen-
bound HGbI (oxy-HGbI) crystals were formed by transferring the
act-HGbI crystals directly into drops containing 1.6–2.0 M
(NH4)2SO4, 0.1 M Tris–HCl, pH 8.0.
A Fe-SAD diffraction data set for the His-tagged act-HGbI was
collected at the European Synchrotron Radiation Facility (ESRF),
Grenoble, on beamline BM30A at Fe peak wavelength (1.7397 Å),
and processed in space group C2221 to 2.0 Å resolution with XDS
[16]. Phasing was carried out with the program Solve [17], and im-
proved by density modiﬁcation with Resolve [18]. The map was
readily interpretable, and after the model was manually built with
Coot [19], iterative reﬁnement with Refmac [20] and Coot was car-
ried out. Diffraction data for the native act-HGbI, His-tagged oxy-
HGbI, as well as a second set of His-tagged act-HGbI were collected
on a Rigaku MicroMax-007 HF X-ray generator (k = 1.5418 Å)
equipped with an R-AXIS IV++ area detector. All were processed
in the same space group C2221 with CrystalClear (Rigaku). Using
the Fe-SAD structure as an initial model, these structures were
built and reﬁned using Refmac, Phenix [21], and Coot. Data
Table 1
Data collection and reﬁnement statistics.
oxy-HGbI act-HGbI
Data collection
Space group C2221 C2221
Cell dimensions
a, b, c (Å) 70.1, 126.2, 147.2 70.0, 126.2, 148.4
Resolution (Å) 36.1–1.77 (1.83–1.77)a 38.9–1.80 (1.86–1.80)
Rmerge 0.044 (0.31) 0.042 (0.26)
I/r(I) 12.8 (3.4) 12.5 (2.8)
Completeness (%) 99.9 (100.0) 97.2 (88.2)
Redundancy 3.9 (3.8) 2.9 (2.0)
Reﬁnement
No. reﬂections 63705 59417
Rwork/Rfree 0.207/0.225 0.209/0.236
R.M.S. deviations
Bond lengths (Å) 0.007 0.008
Bond angles () 0.977 0.989
a Values in parentheses are for the highest resolution shell.
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and His-tagged act-HGbI are summarized in Table 1.
Structural alignments of HGbI with other heme proteins were
performed and presented using the programs ClustalW [22], Dali
[23], and ESPript [24]. The cavity and tunnel calculations were car-
ried out with SURFNET [25] and Caver [26]. Analysis of protein
interfaces and buried areas were calculated with PISA [27]. All ﬁg-
ures were generated using PyMOL (http://www.pymol.org).
2.4. Molecular dynamics
Molecular dynamics of unliganded HGbI was carried out using
NAMD [28]. All other simulations were performed using Desmond
(Schrödinger). Desmond had the advantage of the OPLS force ﬁeld
[29], which had parameters for acetate, and was signiﬁcantly faster
in parallel runs. The unliganded HGbI model was embedded in a
water box that extended at least 10 Å from protein to box edge.
The protein was neutralized and NaCl was added to a concentra-
tion of 0.15 M. 60000 cycles of minimization were carried out, then
the model was heated to 300 K in 5000 steps and equilibrated in
another 5000 steps. MD was done for 28 ns with sampling every
ps in the NPT ensemble. For the Desmond simulations the HGbI
model was built in the same way, but equilibrated using the de-
fault settings in the Maestro/Desmond interface (Schrödinger) for
an NPT ensemble.
3. Results and discussion
3.1. HGbI is a heme protein that is acid-stable in vitro, with pH-
dependent hexacoordination in the deoxy state
HGbI was expressed and puriﬁed as the native and His-tagged
proteins. The absorption spectra of the deoxy and met HGbI were
typical of hemoglobins (Fig. 1A and B). What was far from typical
was the effect of pH on these proteins. The spectra of both the
met and ferrous forms showed no loss of heme even after 12 h at
pH 4.6, and the ferrous form did not oxidize detectably at this
low pH in air at 37 C (Table 2). When bound to acetic acid, the fer-
ric form could be kept overnight at pH 2.8 without ill effect (not
shown). The only apparent effect of pH on HGbI was an intriguing
change in the coordination of the heme iron in the ferrous state
from pentacoordinate at low pH (4.6) to predominantly hexaco-
ordinate at high pH (Fig. 1A). For the ferric HGbI, the heme iron
was predominantly hexacoordinate even at low pH, although there
appeared to be a slight increase in the hexacoordination at higher
pH (Fig. 1B).3.2. Binding of ligands to HGbI heme
The kon for CO binding to HGbI (39 lM1 s1) was comparable
to the kon for O2 binding. This value for kon(CO) was comparable to
that reported for Ascaris suum hemoglobin (AsHb) [30], but 80
times faster than that of sperm whale myoglobin (swMb) [31],
and even faster than that of soybean leghemoglobin [32] (Table
2). As expected, the CO afﬁnity of HGbI decreased with increasing
temperatures (Table 2; Fig. 1D and E). The koff was more strongly
dependent on temperature than the kon. As a result, CO afﬁnity de-
creased twofold when the temperature increased from 25 to 50 C.
We expected that exogenous ligands would bind more slowly at
higher compared to lower pH because an incoming ligand must
compete against an internal sixth ligand at high pH but not at
low pH. Surprisingly, the effect of pH on CO binding appeared to
be small to insigniﬁcant (Fig. 1C). It is possible that we failed to
see an effect by ﬂash photolysis because after ﬂashing at all pHs,
the CO rebinds relatively rapidly (kon  39 lM1 s1 and about
80-fold faster than for swMb) compared to the internal ligand.
Ordinarily, possible shortcomings of ﬂash photolysis experiments
would be circumvented by using stopped ﬂow, but in the case of
HGbI an exceptionally high O2 afﬁnity (discussed below) interferes
with stopped-ﬂow measurements of CO binding. We therefore
conclude that the effects noted in Fig. 1C are the minimum obser-
vable by ﬂash photolysis, and an increased understanding of the
impact of the internal HGbI ligand will require special apparati
and additional study.
The afﬁnity of HGbI for O2 was exceptionally high, with a Kd of
0.5 nM at pH 7.0 and 25 C (Table 2; Fig. 2A and B). This represents
an afﬁnity about ten-fold higher than that of the extremely O2-avid
AsHb (Kd = 4.6 nM) [30]. A temperature rise from 25 to 50 C
caused the O2 afﬁnity to drop 13-fold, and this was associated with
a much faster koff at the higher temperature (Table 2 and Fig. 2C).
The kinetic parameters for binding of O2 by HGbI at 25 C resem-
bled those of the Aquifex aeolicus thermoglobin (AaTgb) [12] (Table
2).
3.3. Homology models of HGbI
Sequence analysis showed that HGbI is similar to a group of
bacterial and certain eukaryotic globins (Fig. 3). We built homology
models of HGbI based on two top-scoring mammalian Ngb: human
Ngb (PDB ID: 1OJ6) [33] and CO-bound murine neuroglobin (CO-
Ngb; PDB ID: 1W92) [34]. Based on the homology model, the main
differences between HGbI and Ngb were a shorter CD loop and the
absence of a D-helix in HGbI, and the presence of a distal Gln50(E7)
in HGbI compared to the His(E7) of Ngb (Fig. S1). The backbone
RMSD between the homology model and the subsequent HGbI
crystal structure is 1.5 Å, conﬁrming that human Ngb is an excel-
lent template for accurately predicting a 3D model of HGbI.
3.4. Crystal structure of HGbI
The crystal structures of native and His-tagged HGbI, at pH 4.6
and 8.0, were solved in the space group C2221 and are highly iden-
tical. HGbI features a fold of seven a-helices without the short D-
helix, which nonetheless conforms to the classical three-over-three
a-helical sandwich (Fig. 4A and B). A search with the Dali server
[23] revealed that HGbI is structurally most similar to murine
Ngb (Z score 20.5) [34] and human Ngb (19.2) [33], as well as bac-
terial globins containing Tyr(B10) and Gln(E7) such as Campylobac-
ter jejuni hemoglobin (CjHb; 19.4) [35], Vitreoscilla stercoraria
hemoglobin (VsHb; 18.4) [36], Ralstonia eutropha ﬂavohemoglobin
(ReFHb; 18.1) [37], and Escherichia coli ﬂavohemoglobin (HMP;
16.9) [38]. In addition, swMb (17.5) [39], Cgb (16.3) [40,41], AsHb
(14.4) [42], and Cerebratulus lacteus mini-hemoglobin (ClHb;
Fig. 1. Inﬂuence of pH and temperature on heme-iron coordination and CO binding of HGbI. (A) Deoxy-HGbI absorption spectra at pH 5.2 (gray), 7.0 (black), and 8.6 (broken
line) at 25 C. (B) Met-HGbI absorption spectra in acetate at pH 4.6 (thick line), and in glutamate at pH 4.6 (broken line), pH 7 and 9 (thin lines). (C) CO binding to deoxy-HGbI
at pH 5.2 (open triangles), 7.0 (open circles), and 8.6 (closed circles). (D) Determination of CO association rate constants at 25 (open circles) and 50 C (closed circles) by laser
ﬂash photolysis at 419 nm. (E) Determination of CO dissociation rate constants at 25 and 50 C.
Table 2
Parameters for ligand binding and autoxidation of HGbI.a
O2 binding CO binding Autoxidation
kon (lM1 s1) koff (s1) Kd (nM) kon (lM1 s1) koff (s1) Kd (nM) kox (h1)
HGbI (25 C) 26b 0.014 0.53 39 0.026 0.67c NDd
HGbI (50 C) 63b 0.43 6.8 81 0.10 1.2c 0.084
AaTgbe 20 0.019 0.95 5.1 0.0066 1.3
AsHbf 2.8 0.013 4.6 17 0.018 1.1
swMbg 16 14 830 0.51 0.019 37 0.060
a All data were collected with HGbI in 0.10 M sodium phosphate, pH 7.0.
b Calculated from directly measured koff and Kd.
c Calculated from directly measured koff and kon.
d No discernible oxidation at 25 or 37 C after 24 h.
e Values for Aquifex aeolicus thermoglobin (AaTgb) are from [12].
f Values for Ascaris suum hemoglobin (AsHb) are from [30].
g Values for sperm whale myoglobin (swMb) are from [31].
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(Fig. 3).
There are three essentially identical subunits, I, II, and III, in the
asymmetric unit (Fig. S2). Subunits I and II are related by a non-
crystallographic twofold axis and form a dimer. The hydrophobic
interface is comprised mainly of the B-helices from each subunit,
with a buried surface area of 748 Å2 (Fig. 4C). Subunits III from
two adjacent asymmetric units also form a similar dimer related
by a crystallographic twofold axis. Meanwhile, the contacts be-
tween subunits II and III are due purely to crystal packing, and
have a total surface area of 533 Å2. Analysis of cavities in HGbI
indicates a ligand-binding cavity of about 100 Å3 in the distal site(Fig. 4B), lined by mostly hydrophobic residues. Two main open-
ings of the cavity lead to several tunnels for ligand migration,
and are gated by highly conserved residues (Leu32, Phe43, and
Val95 in the ﬁrst opening and Leu58, Leu99, and Tyr123 in the
second).
The heme is oriented similarly as in swMb, but is rotated 180
around the a–c meso axis with respect to murine CO-Ngb [34]
(Fig. 5A). The close contact between the heme’s B vinyl group
and Tyr92(G5) might have prevented the opposite orientation in
HGbI. The heme also shares a similar degree of rufﬂing as in CO-
Ngb; however, in metNgb where Ngb’s heme has slid to bind to
the distal His64(E7), it becomes more planar [44]. The heme iron
Fig. 2. Binding of O2 to HGbI. (A) Representative spectra from a titration at 25 C in 10 lM CO (black), 10 lM CO + 4 lM O2 (broken black), 10 lM CO + 16 lM O2 (gray), and
1150 lMO2 (dotted black). (B) Titration data analyzed by deconvoluting whole spectra as in (A), with analysis by ﬁtting the data to a quadratic equation for single binding. (C)
Determination of O2 koff at 25 (black) and 50 C (gray).
Fig. 3. Alignment of HGbI with (1) bacterial and (2) eukaryotic globins. HGbI, as well as the bacterial globins, lacks the D-helix and contains Tyr(B10) and Gln(E7). All the
globins have been structurally determined except for Aquifex aeolicus thermoglobin (AaTgb): Campylobacter jejuni globin (CjHb; PDB code 2WY4), Vitreoscilla stercoraria
hemoglobin (VsHb; 3VHB), Ralstonia eutropha ﬂavohemoglobin (ReFHb; 3OZW), Escherichia coli ﬂavohemoglobin (HMP; 1GVH), murine CO-Ngb (mNgb; 1W92), human Ngb
(hNgb; 1OJ6), sperm whale myoglobin (swMb; 1A6M), human cytoglobin (hCgb; 2DC3), Ascaris suum hemoglobin (AsHb; 1ASH), and Cerebratulus lacteus mini-hemoglobin
(ClHb; 1KR7).
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of its imidazole ring differs by about 90 from that of the other bac-
terial globins, which is hydrogen-bonded to the highly conservedTyr(G5) and Glu(H23) (Fig. 5B). HGbI’s sequence does not include
Glu(H23), and its His82(F8), hydrogen-bonded to the backbone O
of Leu78(F4) instead, may be prevented by Met130 from rotating
Fig. 4. Structure of HGbI. (A) Structural comparison of HGbI (green) with mouse CO-Ngb (magenta), CjHb (yellow) and AsHb (red). (B) Overall structure and cavities (orange)
in HGbI. (C) Dimeric interface which consists of mostly hydrophobic residues. The second subunit is rendered transparent in both (B) and (C). (D) and (E) Active sites of act-
and oxy-HGbI. The Fo–Fc omit maps are contoured at 4r for both the acetate (Act) and O2 ligands (red), and 3r for the heme group and Gln50(E7) (blue). (F) Superposition of
acetate-HGbI (cyan) and oxy-HGbI (green), with their respective second and third monomers rendered transparent.
Fig. 5. Structural comparison of heme pockets. (A) Oxy-HGbI (green) and murine CO-Ngb (magenta) superposed at their heme groups. The murine met-Ngb (1Q1F;
transparent) is superposed on CO-Ngb. Structurally HGbI’s heme does not seem to be able to slide. (B) Superposition of Oxy-HGbI and CjHb (orange). The orientations of their
His(F8) differ by about 90. (C) Oxy-HGbI and AsHb (red) superposed at Tyr(B10) and Gln(E7). In AsHb, the ﬂexibility of both Tyr30(B10) and Gln64(E7) as observed in HGbI
may be restricted by Ile68 and Phe60, respectively.
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served as Val(F4) or Ile(F4) in the other bacterial globins (Fig. 3),
restricting the rotation of their His(F8). These two binding modes
of His(F8), which structurally seem to be maintained separately,
may indicate a difference in these globins’ functions. The binding
to Tyr(G5) and Glu(H23) may affect heme reactivity as they impose
a partial negative charge on His(F8).
In the distal site, a triangle-shaped electron density was ob-
served in the crystal structure formed at pH 4.6, into which an ace-
tate molecule was successfully modeled (act-HGbI; Fig. 4D). On the
other hand, an O2 molecule best ﬁtted the electron density in the
crystal structure at pH 8.0 (oxy-HGbI; Fig. 4E). Titration of unli-
ganded HGbI with acetate, in anaerobic conditions, resulted in no
spectroscopic changes (data not shown), concluding that the mod-
eled acetate binds to the ferric form. The oxy-HGbI structure makes
two hydrogen bonds to O2, one from Tyr29(B10) and another fromGln50(E7) (Fig. 4E). This hydrogen-bonding pattern is similar to
that of O2-bound AsHb [42], consistent with their similar low val-
ues of koff for O2 (Table 2). The O2-bound mini-hemoglobin ClHb
also has its ligand hydrogen-bonded to Gln44(E7), but its
Tyr11(B10) instead is hydrogen-bonded to Thr48(E11), causing
ClHb’s koff to be high [45]. In act-HGbI, meanwhile, Gln50(E7)
forms an additional hydrogen bond to the acetate molecule
(Fig. 4D). Acetate-bound structures have been reported in the trun-
cated hemoglobins from Thermobiﬁda fusca [46] and Geobacillus
stearothermophilus [47], but although similarly hydrogen-bonded
to Tyr(B10), their acetate molecules are oriented opposite to bind
to Trp(G8).
Due to the larger size of acetate, Tyr29(B10) in act-HGbI has
shifted as much as 1.5 Å compared to oxy-HGbI, weakening the
hydrogen bonding between it and Gln50(E7) (Fig. 4F). A conforma-
tional shift of Tyr(B10) has also been observed in the aquomet ClHb
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creased its kon 14-fold [30], the shift of HGbI Tyr29(B10) could pos-
sibly have a similar effect of increasing the cavity size, partly
contributing to a kon for O2 10-fold higher than that of AsHb. In
AsHb, its corresponding Tyr30(B10) might be prevented from mov-
ing by Ile68(E11), which is highly conserved as Leu(E11) in the bac-
terial globins (Figs. 3 and 5C). The side chain of Gln50(E7) has
further been modeled with a minor alternate conformation, which
has a lower occupancy in act-HGbI (averaging 0.25 in the three
subunits) than in oxy-HGbI (0.41) (Fig. 4D and E). Similar alternate
conformations of the corresponding Gln44(E7) in the mini-hemo-
globin ClHb have also been reported, but mutating it to alanine, va-
line, or leucine had only small or moderate effect on O2 binding
rates, suggesting that in ClHb the E7 pathway was not the major
pathway for ligand migration [48,49]. The corresponding
Gln64(E7) in AsHb, however, may not be able to rotate likewise
due to steric hindrance from Phe60(E3) (Fig. 5C). In VsHb as well
as the ﬂavohemoglobins ReFHb and HMP, on the other hand,
Gln(E7) is not oriented into the distal site despite its prevalent con-
servation [36–38].
Regarding the hexacoordinate species of the deoxy-HGbI ob-
served at pH 8.6, structurally it is impossible for either Tyr29(B10)
or Gln50(E7), at a distance of 5.3 or 4.3 Å away, to bind to Fe2+.
Even if the heme of HGbI could slide and get nearer to them as
in murine CO-Ngb [34], Tyr29(B10) would still be too far away
while the amide side chain of Gln50(E7) would chemically seem
unable to bind to Fe2+. Furthermore, structural comparison with
CO-Ngb has shown that in HGbI, such heme sliding would have
been restricted by Phe43, Leu54, Tyr92, and Val95, as well as by
the larger number of hydrogen bonds between both the propio-
nates of the heme and Gln44, Asn45, Arg81, and Tyr85.
3.5. Molecular dynamics behavior of HGbI
To gain further insights into the behavior of the HGbI heme
pocket, molecular dynamics simulations over 100 ns were per-
formed. The dissociation of O2 induces relatively large conforma-
tional changes in the protein (Fig. 6). Compared to the
unliganded form, oxy-HGbI has strikingly greater ﬂexibility in the
GH loop and H-helix, and less ﬂexibility in the EF loop. Fewer avail-
able conformations (less ﬂexibility) in the EF loop with either O2 or
acetate bound is expected, since interaction of the ligand with
Tyr29(B10) and Gln50(E7) will effectively anchor the E and F-heli-
ces. More available conformations (greater ﬂexibility) in the GH
loop (O2 bound) and H-helix (O2 or acetate bound) may be a path-
way for signaling. Bound O2 has more torsional freedom than
bound acetate (Fig. S3), in agreement with a higher B-factor forFig. 6. Flexibility of HGbI’s a-helices and loop regions. Data are from 80 ns MD
simulations of the unliganded (blue), acetate-bound (magenta) and O2-bound
(cyan) structures. Alpha helices in HGbI are labeled at the top.the O2 atom of O2 in the oxy-HGbI structure. In the unliganded
form, the side chain torsions of Gln50(E7) occupy either one of
two conformations (Fig. S4), as suggested in the crystal structures.
Interconversion is slowed by the presence of either ligand, and in
act-HGbI it is too slow to be detected in 100 ns. This agrees well
with the lower occupancy for the minor alternate conformation
of Gln50(E7) in act-HGbI than in oxy-HGbI. The solvent-accessible
surface area of oxy-HGbI is 6000 Å2, while it is only 5300 Å2 for the
unliganded HGbI. This change in size is primarily due to the
changes in the positions of the A and E-helices, as well as the CE
and GH loops.
3.6. Speculations on the biological function of HGbI
To speculate on the possible biological function of HGbI, let us
consider three classic functions of heme proteins: O2 transport,
heme-ligand sensing, and redox chemistry.
The extremely high O2 afﬁnity and slow rate of O2 dissociation
make HGbI a poor candidate for an O2 transporter. While HGbI
would be a good O2 scavenger, it is not apparent why such a scav-
enger would be needed by an organism like M. infernorum, whose
metabolism is probably based on combining O2 with methane, and
whose genome encodes proteins necessary for aerobic rather than
anaerobic metabolism.
Likewise, heme-ligand sensing does not appear to be a promis-
ing function for HGbI. Assuming a volume for a M. infernorum on
the order of a femtoliter, the nanomolar Kd value for binding of
O2 would imply strong binding even with only a few molecules
of O2 in the entire cell. Thus at low O2 concentrations the concen-
tration of HGbI would severely perturb the concentration of O2,
and at higher O2 concentrations the HGbI would be fully saturated.
The possibility of sensing CO would also seem unlikely, becauseM.
infernorum lacks the CO-processing enzymes that are regulated by
CO sensors such as CooA.
This leaves redox chemistry, or else a wholly new class of heme
function. M. infernorum is a methane-consuming organism that
carries out some highly unusual redox reactions. The extreme sta-
bility of the ferrous state may mean that ferric HGbI can acquire an
electron from some as yet unknown donor much more easily than
other heme proteins. Ferric HGbI has the ability, extremely unusual
for heme proteins, to bind acetate with fairly high afﬁnity (Fig. 1B).
In addition, HGbI features an oxidation-state and pH dependent
binding of an internal ligand. All of these observations suggest an
unusual electrochemistry for HGbI.
3.7. Conclusion
Phylogenetic analysis has shown that the three-over-three sin-
gle-domain globin related to the N-terminal of ﬂavohemoglobins
(SDgbs), and plant and metazoan globins form one of the three glo-
bin lineages [50,51]. Furthermore, it was proposed that the meta-
zoan globins evolved from a bacterial ancestor SDgb, which was
then acquired by eukaryotes via lateral gene transfer [50,52].
Strong evidence for this scenario comes from the fact that verte-
brate Ngbs exhibit particularly high sequence similarity to bacte-
rial SDgbs in PSI-BLAST searches, as compared to other globin
classes [50,52].
Here we have demonstrated that HGbI, a three-over-three bac-
terial SDgb, has the closest structural resemblance to the verte-
brate Ngbs. The high structural similarity provides a strong
evolutionary link between the bacterial SDgbs and eukaryote Ngbs,
and also indicates the possibility that the metazoan globins may
have stemmed from the ancestral SDgb.
The HGbI protein is unusual due to an extremely strong resis-
tance to oxidation in the face of low pH and high temperature,
an O2 avidity that is even greater than that of AsHb, a CO on-rate
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bind acetate with relatively high afﬁnity in the ferric state. HGbI
also has interesting coordination structures, with the ferrous form
undergoing a transition from penta- to hexacoordinate with
increasing pH, and the ferric form remaining predominantly hexa-
coordinate at all pH. In the crystal structures of HGbI, conforma-
tional movements were noted for Tyr29(B10) and Gln50(E7).
Molecular dynamics studies predict an increased structural ﬂexi-
bility of Gln50(E7), the GH loop and the H-helix upon O2 binding.
These structural features might play a role in HGbI’s exceptionally
high O2 afﬁnity and extreme resistance to autoxidation. Additional
studies will be needed to understand the unusual chemistry of this
interesting hemoglobin and its importance to M. infernorum.
PDB accession numbers
The atomic coordinates and structure factors have been depos-
ited in the Protein Data Bank as entries 3S1I (oxy-HGbI) and 3S1J
(act-HGbI).
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